Abstract-Considerable effort is spent at CERN on magnetic alignment measurements of main lattice LHC dipoles, including field direction, curved axis shape and position of in-built correctors, essential to verify the geometry of the assembly and to guarantee correct installation w.r.t. the reference beam orbit. The current baseline includes measurements of a statistically relevant percentage of cold masses and cryostated magnets before, during and after cryogenic tests. For this, we use a range of scanning probes based either on harmonic coils or fixed coils in AC mode, with laser and telescope trackers to measure position w.r.t. cryostat fiducials. The dipole is usually powered in "quadrupole mode" to create a convenient magnetic reference. In this paper, we first recall objectives, equipment and methods. Then, we report the status of the test activities, showing results obtained on the first pre-series dipoles, including cross-checks of various measurement systems and correlation between measurements at room and cryogenic temperatures.
I. INTRODUCTION
T HE Large Hadron Collider, under construction at CERN and expected to start operation in 2007, will include a total of 1232 NbTi cryodipoles, operating at 1.9 K with a nominal current of 11 850 A. Each 15.6 m long assembly features twin apertures with opposite fields for the counter-rotating beams, with a central field of 8.34 T. At the extremities there are either two or four multipole spool pieces for the distributed correction of sextupole, octupole and decapole field errors due to unavoidable persistent current effects in the superconductor. To date, about one half of the 90 pre-series magnets have been delivered to CERN, assembled and tested, with production expected to get in full swing early in 2004.
While the magnetic alignment of a dipole in an accelerator concerns in principle mostly the roll angle of the field, which must be normal to the orbit plane to avoid orbit distortions [1] , LHC dipoles are constrained by additional requirements, due in part to their superconducting nature and in part to specific design choices [2] . First of all, the magnets are bent with a nominal sagitta of 9.14 mm at 300 K to follow the curvature of the ring, thus permitting a smaller aperture and a higher field. The useful mechanical aperture is also reduced by a beam screen, fitted inside the Cold Bore Tube (CBT) to intercept beam losses. Tolerance margins are further lowered by the innovative two-in-one architecture, which reduces the total cost by lumping together the magnets necessary for the two beams, but also prevents the apertures from being aligned independently. To match the dynamic aperture of the beam, the mechanical axis of the cold bore tube must thus be contained within a radial distance of 1 mm w.r.t. the reference orbit. Secondly, the radial offset of the correctors at the ends must be smaller than 0.3 mm, to avoid feed-down effects which are especially detrimental for quadrupole and octupole terms. In addition, mechanical tolerances at the interconnections between magnets are also tight ( 2 mm). As a result, not only the curved shape, but also the yaw and pitch angles of the dipoles have to be controlled accurately.
For practical reasons, contractual quality control, acceptance tests and installation procedures are based essentially on mechanics. As the cold bore is hidden, however, geometric measurements in operating conditions are difficult in cryomagnets (unlike resistive magnets, where the poles are usually accessible). Therefore, the geometry can be measured directly only at room temperature, then it must be referred to a set of optical targets on the cryostat (fiducials), and finally can be extrapolated at cryogenic temperatures. The geometry of the cold mass and the CBT is monitored closely at room temperature both during construction in the industry [3] and at CERN [4] . The magnetic axis of the different elements, however, retains an important role both theoretically, as a major feature relevant to beam optics, and practically, as the only reference accessible for measurements in cold conditions. While the magnetic axis for a multipole is simply the locus of , two ad-hoc definitions exist for LHC dipoles [5] : 1) the locus of 1 , based on this harmonic being generated mostly by feed-down from a strong systematic ; or 2) the axis of the Quadrupole Configured Dipole (QCD), obtained by powering the two half-coils with equal and opposite currents via the voltage taps. The choice depends on practical considerations and on sensitivity of the specific instrument being used.
At the time of writing, measurement of magnetic axis is carried out at room temperature on the largest feasible number of pre-series dipoles before, during and after cold tests, in order to assess geometrical stability and to gain insight and confidence 1 As customary, we describe the field with the well_known complex multipole field expansion: about phenomenology and methods. In the following sections, we present a summary of the work being done, including equipment and procedures, as well as some of the results obtained.
II. OVERVIEW OF EQUIPMENT FOR MAGNETIC ALIGNMENT TESTS
Magnetic alignment tests rely on a variety of instruments, originally designed to provide specific and complementary information in different contexts, and often modified to adapt to new requirements and constraints emerging during the prototype testing phase. Among others, we use several families of motorized scanning probes, informally dubbed "moles," able to detect local field parameters together with the precise position with respect to fiducials. Table I summarizes the capabilities of all different systems, briefly explained below:
A. Long Ceramic Coil Shafts
The workhorse for cold field measurements at CERN is a system including twin 15 m rotating ceramic shafts, divided in 13 segments with dipole-compensated harmonic coils [6] . The shafts are inserted in two anticryostats, giving room temperature access to the cold magnet apertures. This system provides fast measurement of integrated strength, direction and multipoles, but lacks positional information as the shafts fill in completely the apertures.
B. Warm Harmonic Mole
This is a rotating coil scanning probe fitting the CBT, designed and built jointly with the Fraunhofer Institut fuer Produktionstechnologie, Aachen, DE [7] . This probe provides the field center offset, calculated by feed-down and averaged over the coil length. The position of the coil center is materialized by a LED and tracked by a telescope equipped with a CCD camera. Field direction can also be measured thanks to the built-in tilt sensor.
C. Cold Harmonic Mole
This is a new version of the warm harmonic mole (B), shrunk to fit inside the anticryostats and designed to work in vacuum (see Section II-E below). To ensure high-field compatibility the DC coil drive has been replaced by a piezoelectric ultrasonic motor and the tilt sensor was abandoned. (Tests with capacitive inclinometers show quadratic errors up to 0.8 mrad in a 9 T field.) This probe has been delivered to CERN recently and is now being commissioned.
D. Warm AC Mole
This family of probes, designed and built in-house for measurements both in industry and at CERN, is based upon an arrangement of four stationary tangential pick-up coils [8] . The magnet is powered in QCD mode at 25 Hz and a lock-in amplifier synchronously detects the signal difference between opposite coils, which is related to the axis offset. (The effect of eddy currents has been found to be negligible for frequencies below 50 Hz.) A retro-reflector corner cube, fixed at the center of the coil system, provides the optical target for a laser tracker. In addition, an on-board CCD camera is able to image the reflections of four LED's placed peripherally to compute the offset of the mechanical axis of the pipe w.r.t. the mole axis.
E. Cold AC Mole
This probe, too, has evolved from the warm version to cope with the additional requirements of cold tests. Besides the smaller diameter and the lack of mechanical axis detection (useless in the anticryostat), the main difference is the need of operating in vacuum to maximize the precision of optical measurements. The temperature inside the anticryostat, which can reach locally up to 20 above or below room values, may otherwise induce thermal gradients which deflect light and cause vertical position measurement errors up to 2 mm.
The anticryostat is therefore evacuated between an optical window at the end facing the laser tracker and a sliding seal at the back of the mole. Interferometric tracking works flawlessly through the window, although precautions have to be taken. First, to minimize cave-in due to pressure, the window must be 16 mm thick, leading to a parallax error up to 0.5 mm and to a propagation delay, interpreted as a longitudinal position error of about 7 mm. In addition, the window's faces must be parallel to better than 10 rad for the deviation due to double refraction to be smaller than 0.2 mm over the full range. While these errors can in principle be controlled, we foresee the use of two reference quadrupoles, to be placed at both ends of the magnet, providing two points with known absolute coordinates to be used as a basis for linear correction [9] .
F. Stretched Wire
This instrument, made by Fermilab and originally intended for the quadrupole axis, is based on a CuBe wire stretched between two precision translation stages, a return wire placed outside the field and electronics to integrate the induced e.m.f. [10] . Measurements, which can be done in AC or DC mode, are repeated changing the pull on the wire and extrapolated at infinite tension, corresponding to zero sag.
III. MAIN FIELD DIRECTION MEASUREMENTS
The field quality test baseline currently includes the measurement of main field direction at 1.9 K for all dipoles. Initially, we planned to get the direction as a cheap by-product of the long coil shaft system, which can be calibrated with the help of a reference dipole [5] . Unfortunately, this method has proved practically difficult to implement to the precision required. The mechanical stability of the coil assembly, due to the presence of a number of fragile glued and bolted joints, is severely affected by uncontrolled local temperature fluctuations in the anticryostats and especially by the frequent handling, unavoidable in our industrial-type test environment. While these problems are being addressed with the adoption of stronger mechanical components and new calibration procedures, we are resorting presently to alternative solutions.
A. Stretched-Wire Measurements
The stretched-wire system has been adapted to measure the field direction as a function of the fluxes and swept by the wire moving horizontally by and vertically by . This method provides directly the average of the field angle weighted with the field strength, relevant for beam optics:
(1) The measurement can be done at 1.9 K with nominal DC current, or at 300 K with 2 A at 10 Hz, with comparable accuracy around 0.3 mrad. The curvature of the magnet limits the horizontal stroke to about 20 mm, but does not otherwise impair the precision of the measurement. The measurement takes experienced operators between 3 and 6 hours of cold test time and is therefore quite costly.
B. Warm-Cold Correlation
Room temperature measurements done with either stretched wire or moles are usually much cheaper, as they can be done in principle at any time or place in the workflow. Although a complete statistical analysis is still in progress, tests indicate that the thermal contraction of the cold mass does not affect appreciably the average field direction w.r.t. cryostat fiducials. As an example, Fig. 1 shows the average angle measured with the long shaft system in a pre-series magnet as a function of magnet current and temperature, with maximum variations about 0.4 mrad, to be compared to the tolerance of the order of 1 mrad.
In particular, warm measurements with the harmonic warm mole are especially reliable, due to simpler mechanical arrange- Fig. 2 . Correlation between field direction measurements at 300 K with the warm harmonic mole and at 1.9 K with the stretched wire system. ment and calibration procedure. Fig. 2 gives an example of the correlation between cold measurements done with the stretched wire and warm measurements done with the mole for three magnets, with RMS error smaller than 0.1 mrad.
IV. WARM AXIS MEASUREMENTS
So far, about 40 pre-series dipoles have been measured at room temperature with either or both warm moles. The most important result is the practical coincidence of mechanical and magnetic (QCD) axis in the main dipole, with an RMS variation across all magnets about 0.1 0.1 mm. This shows that the CBT follows well the axis of symmetry of the coils, which justifies the alignment strategy based on mechanics. Fig. 3 shows an example of comparison between magnetic and mechanical axes measured at room temperature with different systems. The plot represents the offset w.r.t. theoretical shape, with the mechanical axis exceeding the 1 mm tolerance at the ends. Although the correlation between instruments is usually good, it should be noted that in some cases discrepancies of magnetic axis of the order of 1 mm have been observed, especially in the position of the correctors. For now it is unclear whether these are due to measurement errors or to actual mechanical instabilities, which have been already ascertained by other means and are at this moment the major cause of concern for dipole geometry. 
V. COLD AXIS MEASUREMENTS
To date, one cold AC mole is assembled and operational. Although the vacuum system is still being commissioned, measurements in the horizontal plane are well reproducible and are not affected by refraction problems.
As an example, Fig. 4 shows the change of sagitta of dipole 3046 (reshaped with welded stripes) between room and cryogenic temperature, averaging to about 1 mm. Fig. 5 represents the axis of dipole 3047, which in contrast is stable. These results, which appear to be in accord with earlier suspicions, suggest that thermal contractions are not always homothetic, depending inter alia on the status of the cold support feet and any eventual reshaping undergone by the cold mass [11] .
Vertical contractions have been preliminarily assessed by tracking under vacuum the cold harmonic mole, fixed inside the anticryostat in the middle of the magnet, during a full thermal cycle (see Fig. 6 ). The measurements, which may be slightly affected by anticryostat deformation, show a vertical stroke of about 1.3 mm. Verification of the uniformity of this result along (and across) the dipoles will be of paramount importance for the installation of the machine. 
VI. CONCLUSION
We are now starting full-scale measurements of magnetic alignment parameters and although all equipment problems have not yet been solved, we are confident to be able to provide within deadlines critical information to guide the installation of the machine. Tests at cryogenic temperatures will be crucial to validate a number of geometrical assumptions difficult to prove otherwise, while a sound warm/cold correlation, once established statistically, will permit to replace many costly cold tests with their room temperature equivalent. The actual number of magnets to be tested in different conditions with different equipment will be decided in the next few months, as the implications of recent findings will be clarified.
